The adenine nucleotides, adenosine diphosphate, adenosine triphosphate, (ATP), and the methylene-bridge analogues are inhibitors of rickettsial adsorption to and the hemolysis of sheep erythrocytes. Other nucleotides, adenosine monophosphate, cyclic adenosine monophosphate, cytosine triphosphate, and guanosine triphosphate, are without effect. Adsorption and hemolysis require the generation of energy by the rickettsiae which is usually derived from glutamate. When the generation of energy from the metabolism of glutamate is inhibited by arsenite or cyanide, the addition of ATP can supply the energy to restore hemolysis. However, in the presence of the uncouplers, ATP can not restore hemolysis. Even when functioning in a restorative role, ATP still has its inhibitory properties. These results suggest that a high-energy intermediate (X I), rather than ATP itself, is the energy source. The interactions of inhibitory nucleotides suggest that these compounds share a common transport system.
The hemolysis of erythrocytes of sheep and other species by typhus rickettsiae is a sensitive and convenient system for the determination of the biological activity of these obligate intracellular parasites (2, 4, 8, 14, 17) . Moreover, the hemolytic system should serve as an excellent model system for the penetration of the host cell by the rickettsia. The hemolytic process has been shown to consist of an adsorption of the rickettsiae to the erythrocytes, which is dependent on the metabolic integrity of the rickettsiae, followed by postadsorptive events which require the metabolic activity of both the rickettsiae and erythrocytes (12, 13) .
The ability of intact rickettsiae to respond to adenosine triphosphate (ATP) added to the medium is a striking property of the rickettsiae, reminiscent of the mitochondrion but not shared by most intact cells (1, 4, 6) . Our laboratory is currently investigating this remarkable apparent permeability of the rickettsiae to nucleotides, and the ability of nucleotides to influence hemolysis demonstrates, albeit by an indirect method, the response of the rickettsiae to exogenous nucleotides.
The pioneering work of Bovarnick and Schneider (6) in 1960 on the role of ATP in hemolysis is the starting point for the present study. These authors looked at the effect of ATP upon rickettsiae which had been damaged to various extents. They concluded that ATP inhibited hemolysis by intact undamaged rickettsiae but was able to stimulate hemolysis by damaged rickettsiae. The present investigation used only purified rickettsiae with maximal metabolic and hemolytic activity and examines the effects of various nucleotides, metabolic inhibitors, and their combinations upon the hemolysis of erythrocytes by rickettsiae as well as upon the energy-dependent adsorption of rickettsiae to erythrocytes. This study clarifies and extends many of the early observations and proposes a model that should aid in the understanding and testing of hypotheses bearing on such a complex system.
MATERIALS AND METHODS
Rickettsial preparation and growth. Rickettsia prowazeki, Madrid E strain, was propagated in 6-day embryonated, antibiotic-free hen eggs by inoculation with 0.2 ml of a 10-5 dilution of a seed pool. The seed pool was prepared from lyophilized material (yolk sac passage no. 271). Infected yolk sacs were harvested 8 to 9 days postinoculation and stained for rickettsiae by the method of Gimenez (9) . Rickettsial suspensions were prepared from heavily infected yolk sacs. The purification procedure was carried out at 4 C by a modification of the methods of Bovarnick and Wisseman (7, 16 (14) . In the routine assay of the day's preparation, the rickettsial suspension was diluted in twofold serial dilutions in SPG-Mg. A portion of each dilution (0.2 ml) was incubated with 0.4 ml of 12.5% sheep red blood cells at 34 C for 90 min. The reaction was terminated by the addition of 0.85% NaCl containing Formalin (0.2 ml/100 ml of NaCl), and the mixtures were centrifuged at 733 x g for 10 min. Separation of adsorbed and unadsorbed rickettsiae in the hemolytic system. The rickettsia-red blood cell system was separated by centrifugation to determine the distribution of free and erythrocytebound rickettsiae by assaying the fractions for hemolytic activity. The rickettsiae and red blood cells were mixed in the usual 1:2 ratio and, prior to incubation, a 0.6-ml sample was removed which yielded a measure of the total hemolytic capacity of the system. After the desired incubation period, the mixture was centrifuged at 450 x g for 7 min to sediment the red blood cells and adsorbed rickettsiae, but not rickettsiae free in suspension. The resulting supernatant fraction was assayed to determine the extent of hemolysis during the incubation period by adding 0.6-ml samples to 2 ml of 0.85% NaCl with Formalin and reading at 545 nm. The supernatant fraction was also assayed for hemolytic activity due to unadsorbed rickettsiae by adding 0.4 ml of red blood cells to 0. is an effective inhibitor of metabolism when added to mitochondria, has no effect on rickettsiae. Whether the lack of effect of malonate is due to enzymatic or permeability factors is not known. Fluoride is also an effective inhibitor of hemolysis (but not adsorption), but this inhibition is at the level of the erythrocyte rather than the rickettsia (13) .
The adenosine tri-and diphosphates can also exert a pronounced inhibition of hemolysis with little corresponding effect on the general metabolism of the rickettsiae ( a (100) with ATP equals 50 to 60% of (100) without ATP. Figure 1 shows the concentration dependence of the three inhibitory nucleotides, ATP, adenosine diphosphate (ADP), and ,By, on hemolysis. The concentrations of nucleotides yielding 50% inhibition are approximately 1.4, 3.2, and 0.3 mM, respectively. These inhibitory effects were obtained by using purified rickettsiae in the most biochemically and physiologically active state. As was pointed out previously (6), damaged rickettsiae can give different effects. We have investigated the restoration of hemolytic activity in metabolically poisoned rickettsiae. These organisms differ from the native rickettsiae only in that the poison has been added. Table 1 shows that ATP (1 mM) is able to restore hemolysis in rickettsiae inhibited by CN or arsenite to greater than 80% of the value than could be obtained in the absence of CN or arsenite. The inhibitory effect of ATP is still manifest even when ATP is being used in a restorative role in metabolically poisoned rickettsiae. The level of hemolytic activity obtained in native rickettsiae in the absence of both CN and ATP can never be reached in these experiments. Atractyloside, an inhibitor of the transport of ADP and ATP in both mitochondria and submitochondria fractions (11, 15) , was tested. Atractyloside had no effect on hemolytic activity, the inhibition of hemolysis by ATP, or on the restoration of hemolysis by ATP. Preliminary experiments on the uptake of radioactive nucleotides in rickettsiae have confirmed that their transport is insensitive to atractyloside, whereas the transport of nucleotides by yolk sac mitochondria is sensitive.
Significantly, ATP was unable to restore hemolysis in those rickettsiae to which uncouplers, DNP or CCCP, had been added. Although the degree of inhibition by the uncouplers was less than observed after the addition of CN, the uncoupled level of hemolysis could not be increased by the addition of ATP. The lower level of inhibition is presumably due to substrate level phosphorylation which is inhibited by CN but not DNP. To ascertain whether the lack of restoration of uncoupled rickettsiae was due to our use of an inappropriate concentration of uncoupler, the experiments shown in Fig. 2 were performed. At no concentration of uncoupler was ATP able to restore hemolytic activity to the uncoupled rickettsiae. Table 2 shows that only ATP of all the compounds tested was able to restore hemolytic activity; neither the ATP analogue nor other natural nucleotides were effective in this role. We reasoned that ,B-nicotinamide adenine dinucleotide (reduced) (NADH) might be able to bypass the block of the Krebs cycle effected by arsenite and hence restore hemolytic activity by directly reducing the electron carriers. brane, although fl-nicotinamide adenine dinucleotide (NAD) is known to be effective in the "reactivation" of damaged rickettsiae (which may well also have damaged membranes) (3) . Figure 3 shows the restorative effects of various concentrations of ATP on hemolysis that has been inhibited by 1 Effects on the adsorption step. The first phase of hemolysis is the energy-dependent adsorption of the rickettsiae to the red cells (12) . Adsorption and the subsequent events can be prevented by maintaining the temperature at 0 C. The extent of adsorption can be determined, as previously described (12, 13) , by centrifuging the mixture of rickettsiae and erythrocytes at low gravitational force so that the erythrocytes and adsorbed rickettsiae will be sedimented, whereas the unadsorbed rickettsiae will remain in the supernatant fluid. The unadsorbed rickettsiae are determined by adding erythrocytes and allowing hemolysis to proceed. The adsorbed rickettsiae are determined by resuspension and measuring hemolysis after 90 min. Table 4 shows the distribution of rickettsiae after 10 min of incubation to allow adsorption. ATP was added, as indicated, to all fractions after their separation to restore hemolytic activity and provide the same degree of inhibition. After 10 min of incubation at 34 C, the untreated rickettsiae were found predominantly adsorbed to the erythrocytes. Rickettsiae inhibited with CN were unable to adsorb and hence were found in the supernatant fluid. The addition of ATP (0.8 mM) to the incubation mixture restored in part the adsorbing capacity of the rickettsiae that had been poisoned with CN. The extent of adsorption was not as great as the control, indicating that the nucleotide had inhibited adsorption. The site of action of the nucleotides that were found to inhibit hemolysis was examined by determining their ability to inhibit adsorption (Table 5 ). Rickettsiae and erythrocytes with the indicated concentrations of ATP, ADP, or fly were incubated 10 min at 34 C and centrifuged to obtain the unadsorbed rickettsiae. The control was incubated at 0 C under the same conditions to prevent rickettsial adsorption (12, 13) . The unadsorbed rickettsiae fraction was then centrifuged to sediment the rickettsiae that were washed twice to remove nucleotides which would inhibit subsequent measurements of hemolysis. The washed, unadsorbed rickettsiae were then determined by measuring their hemolytic activity. Those nucleotides that were able to inhibit hemolysis also inhibited adsorption (Table 5 ). The time courses for the inhibitory and restorative effects of ATP on adsorption are shown in Fig. 4 (13). To test the nucleotide ability to inhibit the postadsorptive processes, experiments (not shown) similar to that shown in Fig. 2 were performed except that the nucleotides were added after 10 min of incubation to allow adsorption in the absence of nucleotides. Hemolysis was again found to be inhibited by the nucleotides, ATP, ADP, and fde, but not by AMP, cAMP, CTP, or GTP.
Interaction of adenine nucleotides. Figure 6 shows the interaction of the nucleotides (ATP, ADP, and ,ly) with each other. In these experiments, various concentrations of ATP or ADP were added to a constant concentration (1 mM) of ADP or ,By. The observation with increasing ATP concentrations plus ADP (1 mM) is that the inhibition is increased over that which occurs in the presence of a single nucleotide. The total inhibition appears to be a simple summing of the separate inhibitions. However, the addition of ATP or ADP to fry (1 mM) resulted in a lessening of the very potent inhibitory effects of fry. As the concentration of ATP or ADP was increased, the inhibition component due to fry was no longer apparent, and a curve similar to that obtained with ADP or ATP alone is observed. The fact that ADP and ATP have similar effects on the F3y inhibition rules out a restorative effect similar to that of ATP on CN inhibition because ADP has no restorative properties. The most likely explanation is that all three nucleotides share a common transport system and that the affinity of ATP and ADP for this system is much greater than that of fy. Thus, in the presence of ADP or ATP, fry is unable to enter the cell to exert its potent inhibition of hemolysis. Preliminary experiments with the ADP analogue, a, p3-methylene-ADP, are similar in every respect to those with fry. The ADP analogue is a very potent inhibitor whose inhibitory effect is prevented by ADP and ATP. DISCUSSION This study emphasizes the importance of the effects of adenine nucleotides and metabolic inhibitors in the hemolysis of erythrocytes by rickettsiae. The usual source of energy for hemolysis is derived from the oxidative metabolism of a substrate such as glutamate. However, the rickettsiae, presumably due to their unusual permeability to adenine nucleotides, are also able to generate the energy necessary for hemolysis from exogenously added ATP. In mitochondria, one also has a transport system, perhaps quite analogous to rickettsiae, to allow access of cytoplasmic ATP to the interior of the organelle (11, 15) . As will be discussed below, ATP per se is not the energy source for hemolysis.
Adenosine di-and triphosphates, as well as their methylene-bridge analogues, are inhibitors of hemolysis. Quite naturally, the presence of both inhibitory and stimulatory effects of ATP on hemolysis clouds the understanding of the role of ATP in rickettsial hemolysis. This situation is further complicated by the lability of rickettsiae (6) . Undamaged rickettsiae, in which the generation of energy from glutamate is unimpaired, will not show the stimulatory effect of ATP, and only the inhibitory effects will be manifest. On the other hand, if damaged rickettsiae, in which the organism is unable to adequately metabolize glutamate, are employed, only a stimulation of hemolysis will be apparent. Both effects of ATP can occur in both damaged and native rickettsiae. However, it is necessary to have low hemolytic activity to observe the restorative (stimulatory) effects of ATP and, conversely, high activity to observe the inhibitory effects. These conditions are not easily met in studying rickettsiae in various damaged states.
The approach in this investigation has been to use native rickettsiae, which readily show the inhibitory effects, and add metabolic inhibitors to inhibit the generation of the requisite energy from glutamate so that the restorative effects of ATP on hemolysis may be demonstrated. The use of a variety of metabolic inhibitors and nucleotides has allowed further definition of the system. The effects of the agents employed has been determined for both adsorption and hemolysis. The effects are completely parallel; this might be expected because adsorption is the first step in hemolysis and is known to be dependent upon the metabolic state of the rickettsiae (12, 13) . However, it would be of interest to find an inhibitor of some postadsorptive step that works at the level of the rickettsiae rather than the erythrocyte. Figure 7 shows a scheme for the energy and nucleotide effects on the hemolytic system. The scheme, although hypothetical, is supported by all of the existing data and serves to clarify the system so that meaningful hypotheses may be designed and tested. As illustrated in this scheme, inhibition of the flow of energy from glutamate through the Krebs cycle and electron transport system to a high-energy intermediate may be blocked by arsenite or cyanide. In the presence of such a block, ATP can, by generating the energy required, restore hemolytic activity. The restored level of hemolysis can never be as great as the level observed prior to the block because ATP, while restoring hemolytic activity (+), is also inhibiting hemolytic activity (-). However, the restoration of energy is complete because the level of hemolysis in the "plus CN plus ATP" condition does equal the "minus CN plus ATP" level.
The inhibitory properties of ATP are shared by ADP, ,y, and ax, but not by any other nucleotides tested. However, only ATP has the ability to restore hemolysis in poisoned rickettsiae. Whether the mechanism by which these four adenine nucleotides exerts its inhibition of hemolysis is the same is not known at this time.
The inhibition caused by the methylene-bridge analogues, ,By and ad3, is much more severe than that of the natural nucleotides. Furthermore, the inhibition by the analogues may be prevented by the addition of the natural nucleotides. This indicates that all four compounds share a common transport system and that the natural nucleotides, which are less inhibitory to hemolysis, have a higher affinity for the transport system than the synthetic analogues, which are more inhibitory to hemolysis. It is not known whether the nucleotides, which do not inhibit hemolysis such as AMP, GTP, and CTP, are able to enter the rickettsiae. Experiments are underway directly measuring the translocation of the nucleotides and the specificity of the transport system. The high-energy form required by the hemolytic system appears to be a high-energy intermediate (squiggle) between electron transport and ATP, such as the hypothetical X I or its chemiosmotic equivalent, and not ATP itself. The evidence for this comes from the experiments with the uncouplers, such as DNP, which destroy the X sI intermediate. ATP is unable to restore hemolysis in the DNP-uncoupled rickettsiae. If the high-energy intermediate is simply unable to be formed, as in the cyanidetreated rickettsiae, then ATP can restore the hemolysis by forming the high-energy intermediate. However, if the intermediate is being dissipated by DNP, then the formation of the high-energy intermediate from ATP is of no avail because it will be hydrolyzed. The reversal of the electron transport system and oxidative phosphorylation by added ATP, as well as the energizing of transport process by intermediates such as X -I, are well known phenomena in mitochondria (10) .
There is an intimate relationship of rickettsial metabolism and physiology with the ability of the organism to lyse erythrocytes. Neither the process of adsorption nor hemolysis itself is a passive event; rather they reflect in a convenient and sensitive, albeit indirect, way the physiological status of the rickettsiae. Rickettsial hemolysis is not only a worthwhile system in its own regard, but is a valuable tool for the understanding of the rickettsiae and obligatory intracellular parasites as organisms, and as a model system for the mechanism of host cell penetration by these parasites. 
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